This research was devoted to the investigation of changes in structure and properties of a calcium sulfate hemihydrates (CSH) cement immersed in Hanks' solution for different periods of time. XRD patterns indicated a quick phase change (a hydration process) of CSH into calcium sulfate dihydrate (CSD) after the cement powder was mixed with the setting solution. After the hardened cement was immersed in Hanks' solution for 1 d, CSD became the dominant phase. The long-term (up to 30 d) pH value of the Hanks' solution wherein the cement was immersed remained in the range of 67. The hardened cement gradually lost its weight and increased its porosity level with immersion time. When immersed for 1 d, the average compressive strength (CS) value of the cement reached its maximum value. After 30 d, the compressive strength (CS) value of the cement still remained >25 MPa. SEM showed that, after being immersed for 30 d, numerous large, faceted CSD crystals were observed throughout the sample. Cytotoxicity test indicated that the present cement is a biocompatible implant material.
Introduction
Bioresorbable bioceramic has become one of the most promising bone substitute materials today. 14) Its resorption rate often depends on such material parameters as chemical composition, crystallinity, microstructure, etc. 59) When its resorption rate is adjusted to be similar to the growth rate of natural bone, the implanted material can be gradually replaced by new bone. 10) Calcium sulfates as well as some of calcium phosphates, are typical such bioresorbable materials. 11, 12) Furthermore, due to its unique injectable feature, calcium sulfate cement can be used in bonding, filling, and repairing damaged natural bone in orthopedic, dental, maxillofacial and other medical applications via minimally invasive procedures. 1315) Despite its many advantages, such as excellent biocompatibility, osteoconductivity, and being X-ray detectable, most currently-used calcium phosphate and calcium sulfate materials have their respective disadvantages. For example, as being used as a bone substitute material, most calcium phosphates exhibit relatively low bioresorption rates, 13) while most calcium sulfates demonstrate relatively low mechanical strengths and high rates of dissolution. 12) For many applications, insufficient mechanical strength may cause premature disintegration of the implant. This problem becomes especially serious when such bone substitute material has to bear high loading after being implanted. On the other hand, dissolution rates being too high may not allow new bone cells to effectively grow into bone cavity. 16, 2123) The mismatch in resorption rate between implant material and natural bone further weakens the implantation site, even causing local fractures.
2528)
It is known that, as soon as CSH powder contacts water to form a cement paste, hydration takes place which involves supersaturation, nucleation and crystal growth of CSD phase.
1720) This phase transformation (hardening of the paste) usually proceeds very fast, only about 23 min. The rapid hardening process not only can affect the mechanical strength, but also can increase the difficulty of surgeryespecially when a minimally invasive procedure is pursued. In a preliminary study of the present authors' laboratory, use of 0.0375 M (NH 4 ) 2 HPO 4 as setting solution was found effective in prolonging the setting process (slowing down the CSH-CSD phase transformation process) of CSH cement. To further learn the behavior of this CSH cement in physiological solution, the present study is devoted to the investigation of the changes in structure and properties of the CSH cement immersed in Hanks' solution for different periods of time.
Materials and Methods
To evaluate the physiological solution-immersion effects on various properties of hardened CSH cement, CSH cement paste was first prepared by mixing CSH powder (Showa, Toyko, Japan) and 0.0375 M (NH 4 ) 2 HPO 4 setting solution at a liquid/powder (L/P) ratio of 0.35 mL/g for 1 min. The setting solution was prepared by mixing an appropriate amount of (NH 4 ) 2 HPO 4 powder (Showa, Tokyo, Japan) with de-ionized water. Thus-formed cement paste was packed into a 6 mm dia., 12 mm deep cylindrical stainless steel mold under a pressure of 1.4 MPa for 30 min. After being removed from the mold, the hardened cement samples were immersed in Hanks' physiological solution (Table 1) 24) which was maintained at 37°C and agitated daily to help maintain uniform ion concentrations.
After immersion, samples were removed from the solution for compressive strength (CS) testing while they were still wet. The CS testing was conducted according to ASTM 451-99a method using a desk-top mechanical tester (Shimadzu AGS-500D, Tokyo, Japan) at a crosshead speed of 1.0 mm/min.
The working time of cement paste was determined by the time after that the cement paste was no longer workable. The setting time of cement paste was measured according to the standard method set forth in ISO 1566 for dental zinc phosphate cements. The cement is considered set when a 400 g weight loaded onto a Vicat needle with a 1 mm dia. tip fails to make a perceptible circular indentation on the surface of the cement.
The early stage (during hardening process) variation in pH value was determined using a pH meter (Suntex Instruments SP2000, Taipei, Taiwan) that was buried in the cement paste immediately after the powder and setting liquid were mixed. The pH value of the Hanks' solution wherein the cement paste sample was immersed was monitored using the same pH meter. After powder and setting solution were mixed for 5 min, 2 g cement paste was taken and immersed in 20 mL Hanks' solution with a pH value of 7.05. The solution was maintained at 37°C throughout testing and continually stirred to help maintain uniform ion concentrations of the solution. The porosity of cement samples was measured according to ASTM C830-00 (2006) method.
The various phases of the cement under different conditions were analyzed using a Rigaku D-MAX B X-ray diffractometer (XRD) (Tokyo, Japan) with Ni-filtered CuK¡ radiation operated at 30 kV and 20 mA at a scanning speed of 1°/min. Each phase was identified by comparing its characteristic peaks with data compiled in the JCPDS files.
Scanning electron microscopy (SEM) was conducted using a field-emission scanning electron microscope (FE-SEM) (XL-40, Philips, Holland) operated at 10 kV. The fracture surface being examined was coated with a thin layer of gold using an ion sputtering system (JFC-1100, JEOL, Japan) to facilitate conducting the sample.
The cytotoxicity test was performed according to ISO 10993-5, wherein an extraction method was used. NIH/3T3 fibroblasts with a seeding density of 5000 per well were pre-cultured for 24 h in Dulbecco's modified essential medium (DMEM) supplemented with bovine serum (10%) and PSF (1%). An extract was prepared by immersing the hardened cement sample in the culture medium at a ratio of 0.1 g/mL (a typical ratio for porous materials) at 37°C for 24 h, followed by collection of the liquid by centrifugation. The extract was placed into a 96-well microplate (100 µL per well) incubated in a 5% CO 2 -humidified atmosphere at 37°C. After 24 h, the extract was sucked out, leaving cells at the bottom of the wells. A mixture of the culture medium (100 µL) and WST-1 (10 µL) was subsequently added to the wells and incubated for 1 h at 37°C. Cell viability was measured by using a WST-1 assay, which is a colorimetric assay of mitochondrial dehydrogenase activity wherein the absorbance at 450 nm is proportional to the amount of dehydrogenase activity in the cell. After incubation for 1 h, the mixture of medium and WST-1 was transferred to a 96-well microplate and the absorbance at 450 nm was measured with an ELISA reader. Al 2 O 3 powder was also assayed as a control. Four bars were tested for each sample (n = 4).
Results and Discussion
3.1 Working time, setting time and mechanical stability in Hanks' solution As mentioned in "Materials and Methods," to prepare the calcium sulfate cement for the study, an appropriate amount of the CSH cement powder was mixed with 0.0375 M (NH 4 ) 2 HPO 4 setting solution with a L/P ratio of 0.35 mL/g. The resultant cement paste exhibited an average working time and setting time of 8.2 and 10.2 min, respectively, which are generally considered appropriate for most orthopedic and dental surgeries.
To evaluate the mechanical stability of the cement paste in Hanks' solution, after mixing powder and setting solution for 1 min, the cement paste was directly injected into Hanks' solution at 37°C using a 5 mL syringe with needle removed. After 1 h, the cement hardened in Hanks' solution still remained in its original shape, and was not dispersed even after shaking of the container. This non-dispersive nature, that may reduce the possibilities of complications such as cement embolism, is a good indication for its safety for clinical use.
Immersion-induced changes in pH value
The early-stage (up to 15 min post-mixing) variation in pH value of the cement is shown in Fig. 1 . As shown in the figure, the pH value of the cement paste slightly increased from its 3-min value of 6.3 to 15-min value of 6.6 during the hardening process, after that a plateau was reached. Figure 2 shows the long-term variation in pH of Hanks' solution wherein the cement was immersed for different periods of time. As shown in the figure, the pH value of the Hanks' solution gradually increased from its 1-d value of 6.1 to 14-d value of 6.9, followed by slowly reducing to 6.8 after 30 d. The long-term decrease in pH value of the Hanks' solution is probably due to the hydration of CSH and the dissolution of CSD, 12) which could cause the pH value of the solution to decrease. 
Immersion-induced changes in weight
As shown in Fig. 3 , the hardened cement had 31.9% in porosity and lost 14.6% in weight after being immersed in Hanks' solution for 1 d. After 1 d, the cement weight loss gradually increased with time. For example, after 30 d, the cement increased its porosity to 56% and weight loss to 25.2%. The dissolution of CSH and CSD (formed by a hydration process of CSH during immersion) is considered to be the major reason for the immersion-induced porosity and weight loss due to their high dissolution rates in the solution.
12)
3.4 Immersion-induced changes in phases and microstructure Shown in Fig. 4 are typical XRD patterns of the various starting powders and the hardened cement immersed in Hanks' solution for different periods of time. The characteristic peak locations of CSD and CSH phases are given as a reference. As indicated in the figure, after the hardened cement was immersed in Hanks' solution for 1 d or longer, CSD became the dominant phase of the cement. Figure 5 represents typical scanning electron micrographs of the cement immersed in Hanks' solution for different periods of time. As shown in the micrographs, the hardened cement immersed for 20 min or 1 d had a relatively dense morphology. After being immersed for 3 d or longer, small pores and relatively large crystals appeared. In the 30-d sample, numerous large crystals were observed throughout the sample. The XRD data (Fig. 4) and morphological information clearly indicate that these large (up to about 20 microns long and about 4 microns thick), faceted crystals are CSD crystals.
3.5 Immersion-induced changes in compressive strength Figure 6 demonstrates the variation in CS of the hardened cement immersed in Hanks' solution for different periods of time. As shown in the figure, after immersion for 1 d, the average CS value of the cement reached 33.6 MPa. After that, the CS value decreased, but not in a drastic way. For example, even after being immersed for 30 d, the CS value of the cement still remained >25 MPa. It seems reasonable to attribute the long-term decrease in CS to the observed dissolution-induced increase in porosity level (Fig. 3) . From a practical point of view, the maintaining of a relatively high strength of the cement for a reasonably long time can help avoiding the premature disintegration of the implant in patient's body. Figure 7 demonstrates the viability values of cells incubated for 24 h in conditioned mediums adulterated with 24-h cement extraction, blank medium and Al 2 O 3 powder control groups. As shown in the figure, the viability values (averages between 0.80 and 0.82 with standard deviations overlapping one another) of all three groups are statistically indistinguishable, indicating that the present cement is potentially a biocompatible implant material. (6) Cytotoxicity test showed that the viability values of all three groups (conditioned mediums adulterated with 24-h cement extraction, blank medium and Al 2 O 3 powder control) are statistically indistinguishable, indicating that the present cement is a biocompatible implant material.
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